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Chapter 5 b.  Batter.  Battered piles are used in groups of at least two or
Pile Groups more piles to increase capacity and loading resistance.  The angle of

1.  Design Considerations normal construction and should never exceed 26½ degrees.

This chapter provides several hand calculation methods for a quick friction and downdrag forces may occur.  Batter piles should be
estimate of the capacity and movement characteristics of a selected avoided where the structure’s foundation must respond with
group of driven piles or drilled shafts for given soil conditions.  A ductility to unusually large loads or where large seismic loads can be
computer assisted method such as described in Chapter 5, transferred to the structure through the foundation.
paragraph 4, is recommended for a detailed solution of the
performance of driven pile groups.  Recommended factors of safety c.  Fixity.  The fixity of the pile head into the pile cap influences
for pile groups are also given in Table 3-2.  Calculation of the the loading capacity of the pile group.  Fixing the pile rather than
distribution of loads in a pile group is considered in paragraph 2b, pinning into the pile cap usually increases the lateral stiffness of the
Chapter 2. group, and the moment.  A group of fixed piles can therefore support

a.  Driven piles.  Driven piles are normally placed in groups group.  A fixed connection between the pile and cap is also able to
with spacings less than 6B where B is the width or diameter of an transfer significant bending moment through the connection.  The
individual pile.  The pile group is often joined at the ground surface minimum vertical embedment distance of the top of the pile into the
by a concrete slab such as a pile cap, Figure 5-1a.  If pile spacing cap required for achieving a fixed connection is 2B where B is the
within the optimum range, the load capacity of groups of driven piles pile diameter or width.
in cohesionless soils can often be greater than the sum of the
capacitites of isolated piles, because driving can compact sands and d.  Stiffness of pile cap.  The stiffness of the pile cap will
can increase skin friction and end-bearing resistance. influence the distribution of structural loads to the individual piles.

b.  Drilled shafts.  Drilled shafts are often not placed in closely an individual pile to cause a significant influence on the stiffness of
spaced groups, Figure 5-1b, because these foundations can be the foundation (Fleming et al. 1985).  A ridgid cap can be assumed
constructed with large diameters and can extend to great depths. if the stiffness of the cap is 10 or more times greater than the stiffness
Exceptions include using drilled shafts as retaining walls or to of the individual piles, as generally true for massive concrete caps.
improve the soil by replacing existing soil with multiple drilled A rigid cap can usually be assumed for gravity type hydraulic
shafts.  Boreholes prepared for construction of drilled shafts reduce structures.
effective stresses in soil adjacent to the sides and bases of shafts
already in place.  The load capacity of drilled shafts in cohesionless e.  Nature of loading.  Static, cyclic, dynamic, and transient
soils spaced less than 6B may therefore be less than the sum of the loads affect the ability of the pile group to resist the applied forces.
capacities of the individual shafts.  For end-bearing drilled shafts, Cyclic, vibratory, or repeated static loads cause greater
spacing of less than 6B can be used without significant reduction in displacements than a sustained static load of the same magitude.
load capacity. Displacements can double in some cases.

2.  Factors Influencing Pile Group Behavior f.  Driving.  The apparent stiffness of a pile in a group may be

Piles are normally constructed in groups of vertical, batter, or a because the density of the soil within and around a pile group can be
combination of vertical and batter piles.  The distribution of loads increased by driving.  The pile group as a whole may not reflect this
applied to a pile group are transferred nonlinearly and increased stiffness because the soil around and outside the group
indeterminately to the soil.  Interaction effects between adjacent may not be favorably affected by driving and displacements larger
piles in a group lead to complex solutions.  Factors considered than anticipated may occur.
below affect the resistance of the pile group to movement and load
transfer through the pile group to the soil. g.  Sheet pile cutoffs.  Sheet pile cutoffs enclosing a pile group

a.  Soil modulus.  The elastic soil modulus E  and the lateral group load capacity.  The length of the cutoff should bes

modulus of subgrade reaction E   relate lateral, axial, and rotational determined from a flow net or other seepage analysis.  The1s

resistance of the pile-soil medium to displacements.  Water table net pressure acting on the cutoff is the sum of the
depth and seepage pressures affect the modulus of cohesionless soil. unbalanced earth and water pressures caused by  the
The modulus of submerged sands should be reduced by the ratio of
the submerged unit weight divided by the soil unit weight.

inclination should rarely exceed 20 degrees from the vertical for

Battered piles should be avoided where significant negative skin

about twice the lateral load at identical deflections as the pinned

The thickness of the pile cap must be at least four times the width of

greater than that of an isolated pile driven in cohesionless soil

may change the stress distribution in the soil and influence the
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Figure 5-1.  Groups of deep foundations

cutoff.  Steel pile cutoffs should be considered in the analysis as h.  Interaction effects.  Deep foundations where spacings
not totally impervious.  Flexible steel sheet piles should cause between individual piles are less than six times the pile width B
negligible load to be transferred to the soil.  Rigid cutoffs, such cause interaction effects between adjacent piles from
as a concrete cutoff, will transfer the unbalanced earth and water 
pressures to the structure and shall be accounted for in the 
analysis of the pile group. 
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Table 5-1
Equivalent Mat Method of Group Pile Capacity Failure in Soft Clays

where n =  number of piles in the group
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Figure 5-4.  Simplified structure showing coordinate systems and sign 
      conventions
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Figure 5-5.  Set of pile resistance functions for a given pile





EFv ’ 24.2 % 97.2 cos 14 &14.3 sin 14

’ 24.2 % 94.3 & 3.5 ’ 115.0 kips OK

EFh ’ 15.2 % 14.3 cos 14 % 97.2 sin 14

’ 15.2 % 13.9 % 23.6 ’ 52.7 kips OK

EM ’ &(24.2) (1.5) % (97.2 cos 14) (1.5)

& (14.3 sin 14) (1.5)

’ &36.3 % 141.4 & 5.2

’ 99.9 ft&kips OK
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Figure 5-7.  Interaction diagram of reinforced concrete pile

Figure 5-8.  Axial load versus settlement for
      reinforced concrete pile

with no fine particles.  The surface of the backfill is treated was further assumed that the pile heads were free to rotate.
to facilitate a runoff, and weep holes are provided so that As noted earlier, the factor of safety must be in the loading.
water will not collect behind the wall.  The forces P  , P  , Therefore, the loadings shown in Table 5-3 were used in the1 2

P  , and  P  (shown in Figure 5-6) were computed as preliminary computations.  Table 5-4 shows the movementss w

follows: 21.4, 4.6, 18.4, and 22.5 kips, respectively.  The of the origin of the global coordinate system when
resolution of the loads at the origin of the global coordinate equation 5-19 through 5-21 were solved simultaneously.
system resulted in the following service loads: P  = 46 kips, The loadings were such that the pile response was almostv

P  = 21 kips, and M = 40 foot-kips (some rounding was linear so that only a small number of iterations wereh

done).  The moment of inertia of the gross section of the pile
was used in the analysis.  The flexural rigidity EI of the piles
was computed to be 5.56 × 10  pounds per square inch.9

Computer Program PMEIX was run and an interaction
diagram for the pile was obtained.  That diagram is shown
in Figure 5-7.  A field load test was performed at the site
and the ultimate axial capacity of a pile was found to be 176
kips.  An analysis was made to develop a curve showing
axial load versus settlement.  The curve is shown in
Figure 5-8.  The subsurface soils at the site 

consist of silty clay.  The water content averaged 20 percent
in the top 10 feet and averaged 44 percent below 10 feet.
The water table was reported to be at a depth of 10 feet
from the soil surface.  There was a considerable range in the
undrained shear strength of the clay and an average value of
3 kips per square foot was used in the analysis.  A value of
the submerged unit weight of 46 pounds per cubic foot as
employed and the value of g  was estimated to be 0.005.  In50

making the computations, the assumption was made that all
of the load was carried by piles with  none of the load taken
by passive earth pressure or by the base of the footing.  It

required to achieve converenge.  The computed pile-head
movements, loads, and moments are shown in Table 5-5.

(6)  Verify results.  The computed loading on the piles is
shown in Figure 5-9 for Case 4.  The following check is
made to see that the equilibrium equations are satisfied.
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Table 5-3
Values of Loading Employed in Analyses

Case Loads, kips moment, ft-kips Comment

P Pv h

1 46 21 40 service load

2 69 31.5 60 1.5 times service load

3 92 42 80 2 times service load

4 115 52.5 100 2.5 times service load

Note: P  /P  = 2.19v h

Table 5-4
Computed Movements of Origin of Global Coordinate System

Case Vertical movement v Horizontal movement h Rotation  

in. in. rad

1 0.004 0.08 9 × 10-5

2 0.005 0.12 1.4 × 10-4

3 0.008 0.16 1.6 × 10-4

4 0.012 0.203 8.4 × 10-5

Thus, the retaining wall is in equilibrium.  A further check been employed to take into account the effect of a single
can be made to see that the conditions of compatibility are pile on others in the group.  Solutions have been developed
Figure 5-8, an axial load of 97.2 kips results in an axial (Poulos 1971; Banerjee and Davies 1979) that assume a
deflection of about 0.054 inch, a value in reasonable linear response of the pile-soil system.  While such
satisfied.  One check can be made at once.  Referring to methods are instructive, there is ample evidence to show
agreement with the value in Table 5-5.  Further checks on that soils cannot generally be characterized as linear,
compatibility can be made by using the pile-head loadings homogeneous, elastic materials.  Bogard and Matlock
and Computer Program COM622 to see if the computed (1983) present a method in which the p-y curve for a
deflections under lateral load are consistent with the values single pile is modified to take into account the group effect.
tabulated in Table 5-5.  No firm conclusions can be made Excellent agreement was obtained between their computed
concerning the adequacy of the particular design without results and results from field experiments (Matlock et al.
further study.  If the assumptions made in performing the 1980).  Two approaches to the analysis of a group of
analyses are appropriate, the results of the analyses show closely spaced piles nder lateral load are given in the
the foundation to be capable of supporting the load.  As a following paragraphs.  One method is closely akin to the
matter of fact, the piles could probably support a wall of use of efficiency formulas, and the other method is based
greater height. on the assumption that the soil within the pile group moves

c.  Closely spaced piles.  The theory of elasticity has
laterally the same amount as do the piles.
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Figure 5-10.  Plan and evaluation of foundation              
          analyzed in example problem

The deflection and stress are for a single pile.  If a single obtaining reliable estimates of the performance of pile
pile is analyzed with a load of 50 kips, the groudline groups.  Several computer programs can assist the analysis
deflection was 0.355 inch and the bending stress was 23.1 and design of groups.
kips per square inch.  Therefore, the solution with the
imaginary large-diameter single pile was more critical. a.  CPGA.  Program CPGA provides a three-

5.  Computer Assisted Analysis battered piles assuming linear elastic pile-soil interaction,

A computer assisted analysis is a reasonable alternative for ITL-89-3).  Maxtrix methods are used to incorporate

dimensional stiffness analysis of a group of vertical and/or

a rigid pile cap, and a rigid base (WES Technical Report

position and batter of piles as well as piles of different
sizes and materials.  Computer program CPGG displays
the geometry and results of program CPGA.

b.  STRUDL.  A finite element computer program such
as STRUDL or SAP should be used to analyze the
performance of a group of piles with a flexible base.

c.  CPGC.  Computer program CPGC develops the
interaction diagrams and data required to investigate the
structural capacity of prestressed concrete piles (WES
Instruction Report ITL-90-2).

d.  CPGD.  Computer program (Smith and Mlakar
1987) extends the rigid cap analysis of program CPGA to
provide a simplified and realistic approach for seismic
analysis of pile foundations.  Program CPGD (in
development stage at WES) includes viscous damping and
response-spectrum loading to determine pile forces and
moments.


